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The optimal treatment for invasive aspergillosis remains elusive, despite the increased efficacy of newer agents. The immunosuppressants cyclosporine (CY), tacrolimus (FK506), and sirolimus (formerly called rapamycin) exhibit in vitro and in vivo activity against Candida albicans, Cryptococcus neoformans, and Saccharomyces cerevisiae, including fungicidal synergy with azole antifungals. We report here that both FK506 and CY exhibit a clear in vitro positive interaction with caspofungin against Aspergillus fumigatus by disk diffusion, microdilution checkerboard, and gross and microscopic morphological analyses. Microscopic morphological analyses indicate that the calcineurin inhibitors delay filamentation, and in combination with caspofungin there is a positive interaction. Our findings suggest a potential role for combination therapy with calcineurin pathway inhibitors and existing antifungal agents to augment activity against A. fumigatus.
Clinical trials with both caspofungin and voriconazole show significant favorable responses in certain patients with invasive aspergillosis (17; J. Maertens, I. Raad, C. Sable, A. Ngai, R. Berman, T. F. Patterson, D. Denning, and T. Walsh, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1103, 2000), but optimal treatment remains elusive (37) and combination antifungal therapy with mechanistically different agents is common (38) . The immunosuppressants cyclosporine (CY), tacrolimus (FK506), and sirolimus (formerly called rapamycin) all suppress T-cell-proliferative responses. CY and FK506 inhibit calcineurin, a Ca 2ϩ -calmodulin-dependent protein phosphatase that is important in cell signaling (5, 22) , while sirolimus functions through a separate target of the rapamycin (TOR) signaling pathway (33) . These immunosuppressants have revolutionized modern transplantation, but their role as potential antifungals is only beginning to be understood (3, 16) . We report an in vitro positive interaction between CY or FK506 and caspofungin against Aspergillus fumigatus based on four different assay methods. These results highlight the potential role that inhibition of the calcineurin stress response pathway could play in the treatment of invasive aspergillosis.
MATERIALS AND METHODS
Fungal strains. Eight strains of Aspergillus fumigatus (AF293, DUMC 119.00, DUMC 153.90, DUMC 165.86, DUMC 182.99, DUMC 168.95, DUMC 131.00, and DUMC 101.01) and four control strains of Candida albicans (ATCC 22019, SC5314, YAG171, and JRB12) were studied. The Aspergillus strains were all clinical isolates from patients with invasive aspergillosis from our institution, except strain DUMC 119.00, which was a clinical isolate from a nearby hospital submitted for antifungal testing, and strain AF293 (NCPF 7367), which was from a patient who died of invasive aspergillosis in the United Kingdom. The Candida strains were previously described: SC5314 is a wild-type C. albicans strain, and JRB12 expresses a dominant sirolimus-resistant Tor1-1 (TOR1-1/TOR1) mutant that fails to bind to FK506-binding protein 12-sirolimus. YAG171 is sirolimusresistant and FK506-resistant and lacks the sirolimus-binding protein (rbp1⌬/ rbp1⌬) (8, 9) . Antifungals and immunosuppressants. Caspofungin (Cancidas; Merck & Co., Rahway, N.J.) and voriconazole (Vfend; Pfizer, Inc., New York, N.Y.) were obtained as powders and prepared as outlined in the National Committee for Clinical Laboratory Standards (NCCLS) M38-A document (28) . Sirolimus was obtained from the National Cancer Institute, and sirolimus analog 3, a nonimmunosuppressive analog with structural differences in the drug effector domain that binds to Tor (8, 12) , was supplied by Abbott Laboratories. FK506 was supplied by Fujisawa Healthcare, Inc. (Deerfield, Ill.), and L-685,818, a nonimmunosuppressive analog of FK506 that differs by an allyl3ethyl substitution at C-21 and a hydroxyl group introduced at C-18 (2, 13, 29, 34) , was supplied by Merck. CY was purchased from Alexis Corporation.
Disk diffusion assay. After standardized growth and harvest (28) , 100 l of a 10 6 conidia/ml suspension of AF293 was spread uniformly onto yeast extractpeptone-dextrose agar plates. Blank 6-mm-diameter paper disks (Becton Dickinson, Sparks, Md.) were impregnated with a 4-log dosage range (0.01, 0.1, 1, or 10 g) of caspofungin, immunosuppressants, or a combination, and after drying were placed onto inoculated agar plates. Plates were incubated at 37°C, and zones of inhibition diameters were measured at 24 and 48 h; in addition, a description of the degree of growth within the zone of inhibition was recorded. Each disk diffusion assay was performed in duplicate, with the mean diameter value reported.
Broth susceptibility testing. In vitro MIC testing with voriconazole, caspofungin, and the immunosuppressants was performed according to the M38-A method (28) , modified for diluting the five immunosuppressants, with ATCC 22019 Candida parapsilosis as an antifungal control. The final concentrations were 0.0313 to 32 g/ml for caspofungin, 0.0313 to 16 g/ml for voriconazole, and 0.012 to 50 g/ml for each immunosuppressant. For an end point, we used an MIC at which 80% of isolates tested were inhibited, and for caspofungintreated wells, we also reported the minimum effective concentration (MEC) as determined by the formation of microscopically aberrant hyphal tips (1) .
Antifungal and immunosuppressant checkerboard testing. We tested eight A. fumigatus strains in duplicate by a microdilution checkerboard technique. For each of the first four strains (AF293, DUMC 119.00, DUMC 153.90, and DUMC 165.86), we performed a total of 10 checkerboard tests, one for each immunosuppressant with caspofungin as well as voriconazole. Based on the preliminary checkerboard data, the last four A. fumigatus strains (DUMC 101.01, DUMC 131.00, DUMC 168.95, and DUMC 182.99) were assessed by a microdilution checkerboard test with caspofungin or voriconazole combined with only FK506 or CY.
The fractional inhibitory concentration (FIC) of a drug was defined as the MIC of that drug in combination divided by the MIC of that drug alone. An FIC index (⌺ FIC) is the sum of the two FIC values of the individual drugs (15) . An FIC index value of Ͻ0.5 revealed synergy, a value of 0.5 to 1.0 revealed additivity, a value of 1 to 4 revealed indifference, and a value of Ͼ4 represented antagonism.
Fungicidal activity. Fungicidal activity was considered to be present when Ն99% killing of the inoculum occurred, as demonstrated by Ͻ1% of original inoculum growth on subculture. We subcultured 100 l from each well with no visible growth at 48 h onto yeast extract-peptone-dextrose agar and incubated it for 7 days at 37°C.
Gross and microscopic morphological changes. We performed an in vitro time-kill study to investigate the activity of the calcineurin inhibitors (FK506 and CY) with and without caspofungin. Five milliliters of a 10 4 -conidia/ml suspension was prepared in Sabouraud's broth and incubated at 35°C with shaking at 200 rpm in the presence of caspofungin (32 g/ml), CY (50 g/ml), FK506 (50 g/ml), or the combination of caspofungin plus FK506 or caspofungin plus CY. At specific time points (0, 3, 6, and 9 h after inoculation), 100-l aliquots were removed and spread in triplicate on Sabouraud's agar plates. The plates were incubated at 35°C for 48 h, and we took photographs to demonstrate the gross morphological colony differences between the treatment arms.
In a separate experiment using the same six treatment arms detailed above, we placed 10-l aliquots on a slide for bright-field microscopic morphological examination (Olympus BH-2 microscope; magnification, ϫ400). Two parallel experiments were performed: either the drugs were added immediately to the inoculum as described above, or the inoculum was grown for 9 h until there was germination visible under microscopy before the drugs were added. Micrographs were taken at 0, 3, 6, 9, 12, 18, 21, 24, and 30 h.
RESULTS
Immunosuppressants and caspofungin have positive interactions based on disk diffusion assay. All three immunosuppressants and sirolimus analog 3 showed similar or larger zones of inhibition than caspofungin at comparable doses after 48 h of incubation. The mean zones of inhibition Ϯ standard deviations at 10 g of each drug were 46 Ϯ 3 mm for FK506, 21 Ϯ 1 mm for CY, 41 Ϯ 2 mm for sirolimus, 37 Ϯ 3 mm for sirolimus analog 3, 6 Ϯ 1 mm for L-685,818, and 20 Ϯ 2 mm for caspofungin. At 48 h, FK506 showed the least growth inside the zones of inhibition, followed by sirolimus, caspofungin, and then CsA. These initial disk diffusion results demonstrated the inherent activity of the calcineurin inhibitors against A. fumigatus.
In the experiments with 10 g of drug in combination, the mean sizes of the zones of inhibition of the drugs in combination were not statistically different from those of the individual drugs. However, all combinations did suggest some degree of a positive interaction at several of the lower dose levels based on an increase in the size of the zone of inhibition over that of the single drugs alone. Growth density analysis for the inside of the zones of inhibition of drugs in combination did show increased antifungal activity (Fig. 1) . The combination of caspofungin plus FK506 yielded a clearer zone than either drug alone, while caspofungin plus CY produced a totally clear zone. We concluded from these initial disk diffusion assays that there is a potential positive interaction between the two classes of agents against A. fumigatus, and this conclusion prompted further quantitative testing. Immunosuppressants possess activity against A. fumigatus by broth susceptibility testing. CY and FK506 showed consistent activity in a broth microdilution assay at 24 and 48 h (48-h CY geometric mean MIC, 6.25 g/ml; 48-h FK506 geometric mean MIC, 1.56 g/ml). Sirolimus and sirolimus analog 3 showed excellent activity at 24 h (mean geometric MICs, 0.096 and 1.98 g/ml, respectively) but lost all antifungal activity by 48 h. The L-685,818 analog showed no antifungal effect at 24 or 48 h. These findings confirmed that FK506 and CY have inherent activity against A. fumigatus, unlike previous results with Saccharomyces cerevisiae or C. albicans (9) .
In vitro FIC index synergism and additivity between FK506, CsA, and caspofungin. The geometric mean FIC index of caspofungin plus FK506 for eight clinical A. fumigatus strains was 0.27, and that of caspofungin plus CY was 0.53 (Table 1) . When analyzed with an MEC end point instead of an MIC end point with caspofungin, the FIC indices were generally higher, with the mean FIC index of caspofungin plus FK506 increasing to 0.80 and that of caspofungin plus CY increasing to 1.22. The FIC indices of voriconazole and FK506 or CY were generally indifferent or antagonistic (Table 2) , with geometric mean FIC indices of 4.20 and 3.20, respectively.
FK506 with caspofungin has fungicidal activity. Voriconazole alone showed fungicidal activity (Ն99% killing), while caspofungin alone was fungistatic. FK506 was the only immunosuppressant that alone resulted in fungicidal activity, but only for four of eight A. fumigatus strains (AF293, 165.86, 131.00, and 101.01). Importantly, for the four strains which showed fungistatic activity with both caspofungin and FK506 alone (strains 119.00, 182.99, 168.95, and 153.90), there was fungicidal activity with the combination of caspofungin and FK506.
Calcineurin inhibitors create gross and microscopic morphological changes in A. fumigatus colonies. At the earliest time points, gross morphology revealed an obvious stunting of growth in FK506-exposed cells, resulting in much smaller colonies, while the CY-exposed cells were indistinguishable from controls in number and size (data not shown). However, after further incubation, there was a clear decrease in CFU in the CY-exposed samples, while the FK506-exposed samples had higher numbers of cells and continued to exhibit smaller colonies.
In evaluating microscopic morphologies, when drugs were initially added to the conidial suspension, the caspofungintreated sample had stunted, swollen, branched hyphae at 12 and 21 h of growth compared to those of the control sample. Treatment with FK506 and CY alone delayed hyphal elongation, as most conidia were swollen, with only a few cells beginning to elongate at 12 h and more hyphal elongation occurring at 21 h. It was noted that FK506 had more of an inhibitory effect on filamentation than CY. After caspofungin was combined with the calcineurin inhibitors, further delays in filamentation were observed, as evidenced by a mixture of swollen (ready-to-germinate) conidia and the continued presence of nonswollen resting conidia (Fig. 2) . This phenomenon continued at 21 h, where fewer hyphal elements were present in the combination-treated samples than in the treatment groups receiving caspofungin or calcineurin inhibitor alone.
In the germinated-hypha treatment arm, in which drugs were added after 9 h of incubation and hyphae had already been allowed to form, the well-described blunting of apical hyphal tips by caspofungin (21) was observed at both 18 and 30 h (data not shown). The calcineurin inhibitors appeared to have an effect similar to that of caspofungin on hyphal development, and the combination of the two classes of drugs ap- on September 7, 2017 by guest http://aac.asm.org/ peared to generally delay filamentation and produce even smaller hyphae.
DISCUSSION
The immunophilin-targeting drugs CY, FK506, and sirolimus inhibit conserved signal transduction cascades required for T-cell activation and fungal growth, and as a consequence they exhibit activity against a number of fungal species, including the model yeast S. cerevisiae and the pathogenic fungi C. albicans and Cryptococcus neoformans (6, 8, 10, 26, 27, 29-31, 35, 40) . There is also an in vitro fungicidal synergism between the calcineurin inhibitors and the normally fungistatic azole drugs against S. cerevisiae (4, 14) and C. albicans (9, 23, 25) , which is supported by a rat model of C. albicans endocarditis (24) .
There are several clinical reports showing a decrease in invasive aspergillosis (39) and mortality (36) in patients receiving specific calcineurin inhibitors as their immunosuppressants. The only animal model study of A. fumigatus with calcineurin inhibitors (19) found that median survival was shortest in the CY-treated mice and that survival was significantly longer in the controls and the group receiving FK506 at 1 mg/kg of body weight/day, with no survival advantage for the group receiving FK506 at 10 mg/kg/day. Histopathologic evaluation revealed widely disseminated hyphae in the brains and kidneys of CY-treated animals but an almost total absence of hyphae in the brains of FK506-treated mice. This model highlights the complex work needed to decipher the correct balance between the immunosuppressive and antifungal effects of these drugs.
A previous in vitro disk diffusion study showed that FK506 and sirolimus possessed activity against A. fumigatus (18). The only published in vitro combination study of an antifungal and immunosuppressant used with Aspergillus spp. utilized disk diffusion assays and found that 1 g of caspofungin combined with 1 g of L-685,818 yielded enhanced activity against 8 of 11 clinical A. fumigatus isolates (20) . However, no formal MIC studies were performed, and no other doses of the two drugs were reported.
In our studies, we confirmed and then expanded on those earlier findings by using a wider 4-log dose range and performing broth susceptibility testing to demonstrate clear antifungal activity with the calcineurin inhibitors but no sustainable antifungal activity with the TOR pathway agents. Our results suggest differences in the immunosuppressant susceptibilities of yeasts and A. fumigatus. Whereas sirolimus has consistent activity against C. albicans (40) and C. neoformans (8), we found no consistent activity for it or its analog against A. fumigatus. Similarly, although FK506 had inherent activity against A. fumigatus, the MICs of FK506 were higher than those for C. neoformans (29) .
We found zone-of-inhibition size differences for the drug combinations at lower dose ranges, as well as differences in the amount of trailing growth within the zones. In the microdilu- Caspofungin combined with a nonimmunosuppressive analog (L-685,818) previously showed synergy against C. neoformans (11), whereas we found no apparent positive interaction against A. fumigatus. Finally, we described the gross and microscopic morphological effects of calcineurin inhibition delaying filamentation in A. fumigatus, which extends the range of this observation previously reported for other fungi (7, 32) . The findings from microscopic observation clearly show that the combination results in an increased delay in filamentation. Taken together, these in vitro and microscopic findings implicate calcineurin as a potential antifungal target for A. fumigatus, based on the antifungal activities of known calcineurin inhibitors used alone and in combination with caspofungin.
Drawing from other infectious disease examples (e.g., human immunodeficiency virus, tuberculosis, and cryptococcosis), combination antifungal therapy for invasive aspergillosis is hypothesized to be a possibility. Several recently developed antifungals have revolutionized the approach to patients with invasive aspergillosis, and now novel pathways can be utilized for a true combination therapeutic approach. The patients at highest risk for invasive aspergillosis are often already on immunosuppressants, so determining the optimal combination and balance of immunosuppressive and antifungal activities to combat aspergillosis will be crucial. These studies validate further investigations into links between signaling pathways, cell membrane, and cell wall targets in Aspergillus.
